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information on the causes of cancer at specific sites is important to cancer control planners, cancer researchers, cancer patients,
and the general public. The International Agency for Research on Cancer (IARC) Monograph series, which has classified human
carcinogens for more than 40 years, recenily completed a review to provide up-to-date information on the cancer sites associ-
ated with more than 100 carcinogenic agents. Basaed on IARC's review, we listed the cancer sites associated with each agent and
then rearranged this information to list the known and suspectad causes of cancer at each site. We also summarized the ratio-
nale for classifications that were based on mechanistic data. This information, based on the forthcoming IARC Monographs
Volume 100, offers insighis inio the current state-of-the-science of carcinogen identification. Use of mechanistic data o identify
carcinogens is increasing, and epidemiological research is identifying additional carcinogens and cancer siles or confirming
carcinogenic potential under conditions of lower exposure. Nevertheless, some common human cancers still have few {or no)

identified causal agents.

J MNatl Cancer inst 2011,103:1827-183%

Cancer includes many diseases, and the question often arises which
exposures are associated with cancer of 2 specific organ or site.
This information is important for rational planning of cancer con-
wol programs. It is also critical to the identification of potential
confounding factors in the design and analysis of epidemiological
studies and to the formulation of hypotheses concerning mecha-
nistic pathways for experimental investigation. On a more personal
level, patients and their families often wonder whether preventable
environmenial, occupational, dietary, or consumer exposures
might have contributed to their disease. Information about expo-
sares associated with cancer at specific sites is difficult to obmin
because it is spread across hundreds of agent-specific assessments
published by different health aothorides ar various times wvsing
different methods.

Recently, the International Agency for Rescarch on Cancer
(TARC) completed a review (1) of the more than 100 chemicals,
occupations, physical agents, biological agents, and other agents
that it has classified as carcinogenic to humans (Group 1; IARC
classifies agents as carcinogenic to humans [Group 1], probably
carcinogenic to humans {Group 2A}, possibly carcinogenic to
humans [Group 2B], not classifiable {Group 3], or probably not
carcinogenic to humans [Group 4D (2). To this end, IARC
convened six Working Groups that included 160 scientists from
28 countries to critically review published epidemiclogical and
experimental studies, to evaluate the carcinogenicity of each agent,
to identify cancer sites where a causal association is established or
credible, and to identify mechanistic events that are known or likely
w be involved. This work will be published in 2011 as Volume
100 of the IARC Monographs (1), and sumumary information is

jncl.oxfordjournals.org

already available (3-8). IARC’s review provides up-to-date infor-
mation on cancer sites associated with each human carcinogen.

There has been debate over the value of identifying cancer sites
associated with an agent, with some scientisis arguing that associ-
ation with some cancer sites implies exclusion of a possible associ-
ation with cancer at other sites (9,10). The crux of the marter is
whether 1o regard 2 list of eancer sites restrictively, as a finite
number of sites where carcinogenesis is possible, or expansively, as
exarnples where strong evidence of an association exists at the time
of evalvation (11). TARC has taken the expansive view, and its
recent review provides information pertinent to this question.

In this article, we have brought together cancer site mformation
on more than 100 human carcinogens identified through 40 vears
of IARC Monographs reviews, rearranged this informadon to list
the known and suspected causes of cancer at various sites, and
discussed some implications for the state-of-the-science of carcin-
ogen identification. Other factors associated with an increased
cancer risk not covered in the IARC Monographs, notably genetic
traits, reproductive status, and some nutritional factors, are not
inchuded in this review.

Methods

For each agent that IARC classifies as carcinogenic to humans, we
compiled lists of the cancer sites for which we have “sufficient
evidence” or “limited evidence” of an association in humans. For the
purposes of this analysis, sufficient evidence in humans means that
and
confounding could be ruled out with reasonable confidence,

a causal relationship has been established and that chance, bia

JNCE | RBeviews 1827

ED_002435_00003566-00001

dyy woIy paprojumo(]

o]
=
<
Ei]
Q
=]

S

BIO STRUING

3

/

3y UOI0NO0I] [BIUSWIUOIIAU J8

€7 J2qUIRda(] U0 AIRIqY Aoua

1oz’



whereas limired evidence in humans means thar a causal relation-
ship was credible but that chance, bias, or confounding could
not be ruled out with reasonable confidence (2). We took this
information from the published summaries of TARC’s review (3-8)
and from the final drafts that the Working Groups developed for
IARC Monographs Volume 100 (1).

To complete the list of cancer sites with limired evidence, we
searched IARC Monographs Volumes 1-99 for agents that were
classified as probably carcinogenic or possibly carcinogenic to
humans. In most cases, the cancer site associations are clear and are
based on the published summary and evaluation by the most recent
Working Group that has classified an agent. For some agents with
positive findings for several cancer sites, we made a judgment
hased on the IARC reviews about which cancer sites might he
considered to have a credible causal relationship.

As we searched Volumes 1-99, we found earlier assessments of
most carcinogens reviewed in Volume 100 (1). We identified the
cancer sites with established causal relationships in the first volume
in which an agent had been determined w be carcinogenic and
compared these with the cancer sites that are currendy considered
to be established. After listing the cancer sites associared with each
kmown or suspected carcinogen, we rearranged this information ro
fist the known and suspected causes of cancer at each site, based on
currently reviewed studies.

Results

We first list the cancer sites that JARC associates with each agent
that it classifies as carcinogenic to humans (Table 1). For each
agent, we list cancer sites for which IARC judges that there is
sufficient evidence of an association and sites for which IARC
judges that there is limited evidence of an association in its review.
In some cases, cancer sites are described with 4 high level of preci-
sion, most notably for some biological agents that ofren infect
specific target cells within an organ.

For several agents in Table 1, there is insufficient evidence for
an association with any cancer sites in homans; these agents are
classified as carcinogenic to humans because of strong mechanistic
data and other information. Most of these agents oceur in complex
exposures for which it would be difficult for epidemiological
studies to attribute causality to specific components; however,
agent-specific biomarkers have been identified that associate them
with tomor development in exposed humans. We separately list
the agents that JARC classifies as carcinogenic to humans based on
mechanistic or other relevant data, along with 2 summary of the
rationale for each classification (Table 2).

In the next table (Table 3), we list the cancer sites that IARC
associates with the agents that it classifies as probably carcinogenic
or possibly carcinogenic to humans. Ir must be stressed thar several
of these evaluations are many years old and that subsequent
research may support a different classification today. For example,
in Supplement 7 (12), IARC listed 18 agents as having limired
evidence of carcinogenicity in huwmans. Of these, 12 agents have
been reevaluated and there is now sufficient evidence to consider
five of them to be carcinogenic (bervllium and its compounds,
cadmiom and its compounds, crystalline silica dust, formaldehyde,
and phenacetin), limited evidence for four {(chloramphenicol,
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3, and “inade-

/3

creosotes, cthylene oxide, and polychlorophenols)
quate evidence” for three (acrylonitrile, diethyl sulfate, and phe-
nytoin; here, inadequate evidence means that the available scadies
do not show the presence or absence of a causal association) (2).

The last table (Table 4) combines the TARC information from
Tables 1 and 3 by cancer site rather than by agent. To accommodate
the different degrees of precision with which cancer sites have
been identified (eg, “liver cancer” for one agent and “heparocellular
carcinoma” for another), we have used designations that are more
general in npature (liver cancer in this example) in Table 4.
Information ahout specific histological types is presented in Tables 1
and 3.

Discussion

Tables 1-4 summarize and wpdate some major conclusions from
the first 40 years of IARC Monographs. To these, one might add
other consensus findings for dietary and nuiritonal factors,
mcluding red mear and processed meat (convineing evidence for
colorectal cancer), B-carotene (lung cancer), body fatness (breast,
colorectal, endometriom, kidney, esophageal, and pancreatic can-
cers), abdominal fatness (colorectal cancer), and adult attained
height (breast and colorectal cancers) (13).

From Tables 1-4, we might alsc gain new insights into the
state-of-the-science of carcinogen identification. We discuss five
major themes below.

Increased Use of Mechanistic Data

The use of mechanistic data to identify carcinogens is accelerating.
Inigally, IARC would classify an agent as carcinogenic to humans
only when there was sufficient evidence in humans to support a
causal association (14). Scientific understanding of the mechanisms
of carcinogenesis, accompantied by the development of assays for
studying mechanistic events involved in carcinogenesis, have given
researchers new ways of establishing whetber an agent is carcino-
genic. Since 1991, JARC has allowed an agent to be classified as
carcinogenic to humans if there is sufficient evidence in animal
models and “strong evidence in exposed humans that the agent acts
through a relevant mechanism of carcinogenicity” {(15); sufficient
evidence in animal models here means that a cavsal relationship
has been established through an increased incidence of henign and
malignant neoplasms In two or more species or mdependent
studies, or in 2 single stady to an vnusual degree with regard to
incidence, site, type of tumor, age ar onset, or at multiple sites].
Under IARC’s approach, classifications based on swong mecha-
nistic evidence in exposed humans and classifications based on
sufficient evidence from epidemiological studies of cancer in
humans have been given similar confidence (2).

Some scientises would prefer thar FARC be more conservative
in classifving carcinogens based on mechanistic evidence. This
alternative view holds that conclusions about the eticlogy of
human cancers that are based on mechanistic evidence (in exposed
homans [eg, biomarkers in 2 molecular epidemiclogical study],
i human cell lines, in animals, or in animal cell lines) generally
fack the certainty of conclusions based on epidemiological studies.
Nevertheless, TARC
nisms of carcinogenesis has since been adopted by several national

s approach for using information on mecha-
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Table 1. Agents that the International Agsncy for Research on Cancer has classified as carcinogenic o humans and associated cancer

sites

Carcinogenic agent

Cancer sites with sufficient

evidence in humans®

Cancer sites with Hmited
evidence in humans

Earlier volumes that classified
the agent as carcinogenict

Chemicals and mixtures
Acid mists, strong inorganic
Aflatoxing
d-Arninohipheny!
Aristolochic acidt

hic acid, plants con

e, dyes metabolized tof

Benzo[a]i"v' 23

Bis{chlorormnethyliether; chioromethyi
rmethyl ether {technical grade)

1.3-Butadiens

Ceal tar pitch

& oxidet

Formalde

4, 4" -Methyleneabis{2-chlorcaniling}
(MOCANE

Mineral oils, untreated or mildly
X9

f nines:

INE 'ntn,ooworfu otine (INNNJ and
4-{methylinitros
butanone (NNK}#

Shale oils

Soot

Sulfur rmustard

2.3,7 8- Tetrachlorodibenzo-para-dioxin

3,4,5,3".4-Pentachic
(PCB-126)%
2,3,4,7,8-Pentachlorodibenzofurant
Crtho-To
Viryl chloride

rosipheny!

Gecupations
Aluminum productior
Aurarine production

ification

Coke
Hemama m
fron and el founding
Isopropy! alcchol production
Magenta production

iing {undergroundi|]

Painting
Rubber production mdustry

Welding%

Metals
Arsenic and inorganic arsenic
compounds

Hium compounds
irn compounds
Chremium (V1) compeounds#

arminol-1-(3-pyridyil-1-

Larynx

Urinary bladder

Renal pet

Leukemia \acqte roniymphocytic)

Urinary bladder

B ’\"'p']ntl' organs

Leukermnia {particularly rny
nascpharynx
Skin

Urinary hladder

Skin
Lung®: s
Lung

Al cancears ¢

cornbined

Urinary bladder
Liver {angiosa ]
nepatocellular carcinoma)

Lung; urinary bladder
Urinary hladder
Lung

Skin

Lung
Lung

cavity and paranasal sinus
Urmary bladder

ng mesothelioma™; urinary

Claddear®

, lymphoma; lung;
; drinary bladder
Eye {melanomal

Lung®; skin; urinary bladder™
Lung
Lung
Lung

Lung

Renai peivis; ureter

Laukemia (acute lymphos
chrenic lymphocytic, muitipie
myeloma, non-Hodgkin hrnphoma)

adder

Urinary b

Breast lymphoid twmors

Hedgkin lymphoma, muiti
myeioma, chronic lymphocytic
leukemia)

Nasal cavity and paran

Urinary bladder
Larynx
Lung; non-Hodgkin lymphoma; soft

lssue sarcoma

Maternal exposure: childhood
leukemia
Laryrx; esoph

Kidney, liver; prostate

Kidney, prostate
MNasal cavity and paranasal sinus

;98 (2010
1, 29 (1982}

;28 (1982} 88 (2010}

97 (2008)
3 {1873); 3b (1985}
&0 (1894); 97 (2008}

3{1873); 33 (1984)

1, 99 (2010}

9 {1279}, 87 (2008}

Sup 7(1887); 92
1{1972); 99

34 (19 92
34 (1884); 92
34 (1984), 92

(1993},
2 (2010}

Sup 7 {1987); 57 98 (20103

47 {1889); 9

wn

N
=
«©w
~J
(]

;23 (19805 84 (2004

oF 1
o]
[2e]
)

Ny G
PRGN

DO
el
o3

D
I
(]

(1980}, 48 (1990}

N2
N
<

{Table continues)
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Table 1 {(Continued).

Carcinogenic agent

Cancer sites with sufficient
evidence in humans®

Cancer sites with limited
evidence in humans

Earlier volumes that classified
the agent as carcinogenict

i compounds™**

Dusts and fibers
Asbestos (@l forms;)

Leather dustt

Silica dust, crystailine (in the for
of quartz or crystobal

Weod dustis

m

Radiation
iorizing radiation (all typas)&s

Alpha-particle emittersss
Radon-222 and its decay products
224 and its decay products

=228 and its decay products

228 and its decay products

Thorium-232 and its decay products

Plutonium
Beta-particle emitierss
Phosphorus-32
Fission products, inciuding
Strontium-80
Radiciodines

ricluding todine-131

X radigtion, gamma radiation

iron radiationt

Solar radiation

Ultraviclet ra

Ultraviclet-err
Biological agents

Epstein—Barr virus

it

B virus

Hepatitis

Cvirus

HIV type 1

Human papiliomavirus type 16
Huwman papil’omavifus type 18
Human papill us type 33

Lung; nas and paranassl

sinus

ung; measotheioma;

ovary®
Mesotheliorna
Nasal cavity and parana
Lung

sai sinus

Nasal cavity and paranasa
nasopharynx®

sinus;

Lung

Bone

Bone; mastoid process,
paranasal sinus

Bone; mastoid process®;
paranasal sinus®

Bile duct, extrahepatic™; g
bladder”®; leukemia (exciuding

chronic lymphocytic leukermia);

Colorectum; pharyr stornach

Leukemia

Pancreas; prosiate

fiver (including hemangicsarcorma)

Bone;

iive 1

Leukernia (acute}
Laukemia; solid cancers

Thyroid

% brain and central nervous
sys‘rem*, breast {femalel; colon;
kidney*; leukermia (excluding
chronic lymphooytic leukemial;
ung®; escp haqu *: salivary
gland*; {pasal cell
carcinornal™®; stomach; thyroid;

r* exposure in

pasal cell carcinoma,

carcinoma,

\

{melanomaj

Burkitt lyrnphoma; Hodgkin
yrmphorna; lvmphoma

tranodal NK/T-cell, nasal

nasopharynx, non-Hodgkin

phoma (immune suppression

ed)

Liver (hepatocellular carcinomal

iver (hepatccallular carcinomna);
non-Hodgkin lymphoma®
Anus®; cervix {conjunctival™
Hodgkin lymphoma™; Kaposi
3ar¢

.o
. eye

Anus; cervix;
oropharyr\x cpenis*; t ;
vagina®, vulva®

Cervix

Cervix

COma,; non- Hodui\m «,mpl’orrr

Other solid tumors

1e and soft tissue; digestive

TV&CL; leukemia; salivary gland
Liver; multiple myeloma;

non-Hodgkin iymphoma;
pancreas; prostate;

celi carcinoma,
P

Eye (sguamous ¢
melanoma)

Skin {squarnous cell carcinomal

Lyrmphoepithelal-like ca
stomach

=

Ci

Liver {cholangiocarcinoma);
non-Hodgkin iymphoma

Livar {cholangiocarcinoma)

-malanomal;

oma,

rcinomal;

2 {1973},

11 11978}
1 {1975)

L

>
N
1)
-

(1987
25 (1881}
(1997;

25 (1981}

o
N
0
0
o

78 (2001}

78 (2001}

78 {2001}

78 (2001}

78 (2001}
§

78 (2001}

75 {2000}
55 (1892}

[P

o1
(e}

o1
(o)

8C (2007

Anus; larynx; oral cavity; penis; vubve 64 (1995} 80 {2007)
Anus; vulva 90 {2C07)

{Table continues)
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Table 1 {Continued).

Carcinogenic agent

Cancer sites with sufficient
evidence in humans®

Cancer sites with limited
evidence in humans

Earlier volumes that classified
the agent as carcinogenict

Hurman papiflomavirus types 3
35, 39, 48, 51, B2, 58, 58, B¢

Human T-cell lymphotropic

virus type 1
Kaposi sarcoma her

Clonorchis sinensis
Helicobacter pylori

Opisthorchis viverrini

Schistosoma hasmatobium
Personal habits

Alccholic beverages

Acetaldehyde associated with

consurnption of alcoholic beverages
Ethanol in alcoholic beveragest
Areca nutt

sith tohacco
Bets! guid without tobacco
Coal, indoor emissions from
household combustion
Safted fish, Chinese styls
Tobacco smoking

Tobacco smoke, secondhand
Tobacco, smokeless
Pharmaceuticals

‘naphazine
Cyclophosphamide

Cyclosporing

Diethylstilbestrol

Estrogen menopausal therapy

Estrogen-progestogen
ontraceptives (combined)

a {adult

Lymphoma {low-
mucosa-associated lymphaoid-
e gastric lymphomal;
stomach {noncardia ca
Liver {cholangiocarcinoma)
Urinary bladder

Breast (femala)®
larynx; liver (hep
carcinomal; esophagus; oral
cavity; p!’ar\,ﬂx

Aerodiges
asophagus

Esophagus®; oral ¢
Esophagus®; oral cavity
Lung

nharyrix®

MNasopharynx
Bone marrow {mysloid e
cervix®: colorectum™;
{bodly, renai pelvis); larynx; liver®;
!mg n:;IS-:;! cavity and paranasal
*. azophagus
f‘r'arcmoma SQUAMOUS
cell carcinomal; oral cavity; ovary
{mucinous)®; pancreas; pharynx
{nascpharynx, oropharynx,
h

ukermia*;

wypopharynx), stomach™; uretar®;

urinary bladder: in smokers’

children: hepatob!asturw *
Lung
Esophagus™;

MNon-Hodgkin lymphoma;
{sguamous cell carcinomayl

l.eukemia (acute myeiol

Leukermia {acute my

Urinary bladder

Leuke {acute myeloid)*;
urinary bladder

MNon-Hodgkin lymphoma; skin
(non-melanocytic)®; multiple
other sites™

g pregnancy;
brew._ T exposure in utero:
cervix (clear call adenocarcinoma)
and vagina (clear cell
adenocarcinomal
ndometrium; ovary®
Breast™; carvix®
{(hapatoceilular carcinomal;
note: reduced risk in
endometrium, ovary

m

ph nodes

{multicentric Castieman disease)

Pancreas

Liver

toin smokers” children:
chiidhood lsukemia
(particuiarly acute lympho

Laryrx; pharynx

Exposure during pregnancy:
endometrium; in utero:
cenvix (sguamous cell carcinormal

and testis

Braast

90 (2007

wn

w

&1 {(1594)

wn

; 85 {2004}

56 (19
38 (19

993}
G, 83 (2004

-89 (2007)

982

©
x
R SR B

<«
W~
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Table 1 {(Continued).

Cancer sites with sufficlent

Carcinogenic agent evidence in humans®

Earlier volumes that classified
the agent as carcinogenict

Cancer sites with limited
evidence in humans

Brejq endornatriurm
gen-induced risk decrease
with number of days/month of
progestogen use)

Estrogen—progestogen menopausal
therapy {combined)

Etoposide
Melphalan
Methoxsalen plus uliraviolet A

with cisplatin and bleomycin Laukemia famf@ “ryelmd)

Skin {sguam
Leukemia (acl

Renal pelvis; ureter

Pnenacetin, analgesic mixturas Renal pelvis; ureter®
containing
Sermusting (methy-CONLU) Leukemia (acute myeloid)
Tarnoxifen nota: re
raf breast of breast
cancer patients
¢ L i
Treosulfan Leukeria {acute myeloid)

91 (2007;

Leukemia (acute myeloid) ]
76 (2000}
Sup 1 (1979}
24 {1980}
25 (1987}

5
Sup 4 (1982}

Sup 7 (1987}
68 (1996}

bla

Sufficient evidence became a

Tt Each agent was classified as carcinogenic to hurnans in Volume 100 (
{1979), 4 {1982}, and 7 (1987) updated all earlier
nents are listed only if a causa

ralationship was first estab

¥ oA i ylene oxide, and etoposide classifis carci nic to humans with limited

5 wi Th sufficient ev
& Classified as carcinogenic to humans for the first time in Volume 100.

§ Potential causal agents ing

ce radon, crystalline silica dust, and diese!

§ Voiumsa 100 concluded that there is sufficient evidence |
consider all exposures during wel

ding. Causal agents were not ider

£

in Volumea 2, the conclusion was for chromate production; in Supplement 1
pounds; in Supplement 7, for chromium (V1) compounds.

**in VYolurne 2

T1in Volume 25, the conclusion was that nasal adenocarcinorna and ieukemia are cau
100, the leukemias were attributed to benzene, and a new svaluation was made

$%in Volurne 25, the ¢ ywas for employment in the fu

&& Umbrella term encornpassing several ra

programs that identify suspected carcinogens (16-18). lIts
classification system makes clear which Group 1 classifications are
based on sufficient evidence of cancer in bumans and which rely on
strong mechanistic evidence. Most classifications based on mecha-
nistic data have cccurred during the past few years (see Table 2).
A few examples are discussed here.

Studies reviewed in 1997, in Volume 69 (19), showed that

7,8-tetrachlorodibenzo-pare-dioxin binds to the aryl hydrocar-
bon receptor, which functions similarly in humans and experimental
animals and signals a sequence of events that lead to changes in
gene expre

ion, cell replication, and inhibition of apoptosis. At
that time, this mechanistic information led to the classification of
this compound as a human carcinogen. When it was reviewed
in Volome 100 (1), this compound was determined 1o also have
sufficient epidemiological evidence to be considered carcinogenic
to humans. This is the first carcinogen that was initially classified

1832 Reviews | JNCE

for marked sites in this column after the agent had been classified as

G111}, to save space, Volume 100 is not histed in th

- ocular melanoma in welders but left form
tified (See also

, the evaluation was more spea

, the conclusion was for nickel refining; in volurne 49, the evaluation was rmore specifically for nicka!

a-rnaking industry; in

nuclides listed next; no additional cancer sites weare ide:

JT"‘!HO’J@’H( in ar earlier volurne.

s colurnn. In addition, Supplerments 1

ad in the supplernent.

humans but

benzoialpyrene;

tachlorchiphenyl
t d

g no

idence from studies of cancer in

Ingine emissions.

eclassification in Group 1 for a future volume that would
in Table 3}

"Weiding fumes

ily for chromium and certain chromium com-

COMPoOUNds.
sally associated with employment in the boot and shoe industry; in Volums
eather dust as the causal agent for the nasal cancers.

de specifically for wood dust

based on mechanistic data and subsequently by sufficient evidence
from epidemiological studies. This example highlights the ability
of mechanistic information to provide early robust evidence of
carcinogenicity (8).

Plants of the genus Aristofochin were fivst evaluated in 2002, in
Volume 82 (20}, after a series of case reports from the 1990s had
described rapidly progressing end-stage renal disease following
ingestion of medicinal herbs derived from these plants. At the
time, it was impossible to identify specific causal agents. When
plants of the genus Aristolochia were reevaluated 6 vears later in
Volume 100 (1), mechanistic evidence of aristolochic acid-specific
AT—TA transversions in the TP5F tumor suppressor gene in
renal disease patients led to the identification of aristolochic acid
as the causal agent (3). It is encouraging to think that other carcin-
ogens in the general environment might be identified with similar
speed and confidence.
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Table 2. Agents that the International Agency for Research on Cancer has classified as carcinogenic io humans based on mechanistic

and other relevant data

Carcinogenic agent Animal evidence

Mechanistic rationales for the classification

as carcinogenic to humans Yolume and year

Ethyiene oxide Sufficient

2,3,7.8-Tetrachiorodibenzo-pars-dioxin® Sufficient

Neutron radiation Sufficient

Areca nut Sufficient

Tobacco-specific nitrosamines: Sufficient
N*-nitrosonornicotine {(NNN) and
4-{methylnitroscamino}-1-{3-pyridyi)- 1-butanone

{INNK)

Benzolalpyrens Sufficient

hanol in alcoholic beverages Sufficient
izidine, dyes mestabolized 1o Sufficient

4, 4-Methylenebis{2-chloroaniline) Sufficient

Acetaldehyde associated with Sufficient

consurmption of alcoholic beverages
Aristolochic acid Sufficient
Etoposide Inadequatet
3.4,5,3" 4-Pentachiorcbipheny! (PCB-126; Sufficient
Sufficient

2.3,4.7, &Pentachlorodibenzofuran

Ultraviolet radiation Sufficient

Genotoxic in many systems; cytogenstic
effects in lymphocytes of exposed
workers

Binding to aryl hydrocarbon receptor,
leading to changes in 8 exXpression,
cell replication, and ir f apoptosis

lorizing svents resulting in similar but more
severe damage than from gamma rays

Primary ingredient in ali betel quid
preparations; inducss oral preneoplastic
disorders with high propensity to progress
to malignancy

Uptaks and metabolism, DNA and
hemogiobin adducts in srokeless

tohacco users

60 (1994)

78 (2001)

fou

a5 (2004

89 (2007)

Genotoxicity, specific diclepoxide-induced
DNA adducts in exposed workers, KRAS
mutations in nonsmokers exposed to
coal smoke

Primary ingredient in

92 (2010

96 (2010)
99 2010)

genotoxicity
Ganotoxicity; DNA adducts and micronuclei in
urcthelial celis of exposad workers
Substantially higher risks for cancers of the
ssophagus and upper asrodigestive tract
in aldehyde dehydrogenase—deficient
populations (genetic epidemiclogy studies)
A transversions in TFE3

99 2010

100 (2011)

100 (2011)

ions on 100 (2011)

distinguish topoiscmerass i inhibitors from
alkylating agents

Extensive evidence of action via the samsa
aryt hydrocarbon receptor pathway as

TCDD

ve evidence of action via the same
aryt hydrocarbon receptor pathway as
2,3,7,58-TCDD

Specific C—T transition in human 7P55 in
premalignant solar keratosis and skin
tumors

100 (2011)

100 (201%)

il

100 (2019

T As with rany pharmaceuticals and pesticides, few hioassays are pu
Nfi-knookout mice, was idaentified.

Acetaldehyde associated with consumption of alecholic bever-
ages is the first example of a classification based on genetic
epidemiological studies of metabolic enzyme activity. Alcohol is
metabolized by the enzyme aleohol dehydrogenase to aceralde-
hyde, which in tarn is metabolized by the enzyme aldehyde dehy-
drogenase. Studies of a polymorphism of aldehyde dehydrogenase
showed that popularions with a less active form of this enzyme
accumulate acetaldehyde and have a substantially higher risk for
cancers of the esophagus and of the upper aercdigestive rract (7).
The information from genetic epidemiology studies does not

jncl.oxfordjournals.org

2,3,7,8-TCDD has since heen classified in Group 1 based on sufficient evidence in humans.

had in the open scientific literature; this precludes a proper evaluation. Only one study, in

fully explain the carcinogenicity of alcoholic beverages.
Relationships between internal ethanol and aceraldehyde concen-
trations and other factors that may contribute to cancers associ-
ated with the consumption of alecholic beverages continue to be
explored.

Mechanistic mformadon alse aids in the very definition of the
agenis that are classified. Ingested nitrate or nitrite is probably
carcinogenic under conditions that result in endogenous nitrosa-
tion, and shiftwork that involves circadian disruption has also been
classified as probably carcinogenic (see Table 3). Endogenous
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Table 3. Agents that the International Agency for Research on Cancer has classified as probably carcinogenic or possibly carcinogenic
to humans and associated cancer sites

Cancer sites with limited avidence
in humans

Yolume and year of

Suspected carcinogenic agent igtest IARC review

Androgenic {anabolic) steroids Liver, prostate Sup 7 {1887)

Art glass, glass containers and pressed ware (manufacture of) Lung 583 {1593)
Biomass fusl {primarily wood), indoor emissions from Lung 85 {2010

thyl nitrosourea (BCNU) Laukemia Sup 7 {1887)
Carbon electrede manufacture Lung 92 {2010)
Carpentry and joinery Nasal cavity Sup 7 {1887)
Chioramphanicol Laukemia 50 {1890}
Alpha-Chiorinated toluenas and banzoyl chioride Lung 71 {1599)

{combined exposures)

Chiorophenoxy herbicides Several sites Sup 7 {1887)

A-Chloro-ortho-toluidine Urinary bladder 899 (2010}
Y

Cobalt metal with tungsten carbide Lung 26 {2006)

Coffes Urinary bladder, note: some evidence of reduced 51 {1891)

risk in large bowsl

)
2
=
=
=
&
2.
a
=%
o
=
B
Z
b

Creosotes Skin 82 {2010}
Dry cleaning Esophagus; urinary bladder 63 (1995)
Engine exhaust, diesal lLung; urinary bladder 46 {1989)
Frying, emissions from high tempera Lung 85 {2010} £
Hairdressars and barbers {cccupational exposura) Urinary bladder 39 (2010} 2.
Hurnan papilomavirus types 5 and 8 {in patients with Skin (nonmelanormal 100 {2011 wf;
epidermodysplasia verruciformis) a
Hurnan papiilomavirus types 26, 53, 66, 67, 68, 70, 73, 82 Cervix 100 {2011) é
Insacticides, nonarsenical {occupational exposures in spraying Lung 53 {1891) §
and application) :f"
Lead compounds, inorganic Stomact 87 (2006) e
Magnetic fields, extremsly low frequency Leukermia, childhood 80 {(2002) s
Mate drinking, hot Gastrointestinal tract, upper {gesophagus, pharynx, 51 {1991 g
larynx) é
Mitoxantro Leukemia (acute myeioid) 76 {2000 5
Nitrate or nitrite (ingested) under conditions that result in Stomach 94 {2010) g
endogsnous nitrosation =
Nitrogen mustard Leukemia; skin Sup 7 {1887) é“
Petroleumn refining {occupaticnal exposures) Leukemia; skin 45 {1889) §
Pickied vegetables (traditional Asian) Esophagus, stomach 56 {1893) =
FPolychlorinated biphenyi Hapatcohiliary tract Sup 7 {1887) ;
Folychlorophenols or their sodium saits {combined exposures) Non-Hodgkin lymphoma; soft tissue sarcoma 71 (1899) @
Printing processes Kidney; iung, oropharynx; urinary bladdsr 65 (1896) 5
Schistoscma japonicum Coloracturn; iver 51 {1594) g
Shiftwork that involvas circadian disruption Breast 98 (2010) §
Styrene Lymphatic and hematopcietic nsoplasms 82 {2002) g
Talc-based body powder (perineal use) Ovary 93 (2010} =
Teniposide Leukemia 76 {2000 ;?
Tetrachloroethylene Cervix; non-Hodgkin lymphoma, esophagus 83 {1995} %
Textile manufacturing Nasal cavity, urinary bladder 48 {1990) g
Trichlerosthylene Liver and biliary tract; non-Hodgkin lvmphorma 83 (1995} N
Welding fumes Lung 49 {1990)

aitrosation and circadian disruption mark the first uses of 4 mech-
anistic event in the wording of an evaluaton statement. It is not
hard to envision that further research may lead to evalnations of
broader ¢lasses of agents that induce endogenous nitrosation or
circadian disraption.

More Cancer Sites per Carcinogen

Further research often finds additional cancer sites. Among the 87
agents that had been cansally associated with one or more cancer
sites before Volume 100 (1), 25 are now associated with additional
cancer sites with sufficient evidence and 13 more are associated

1834 Reviews | JNCE

with new sites with limited evidence {see Table 1). These new
findings provide a compelling reason to regard every list of cancer
sites as 2 work in progress, which may be amended if subsequent
research provides strong evidence of additional cancer sites.

Some additonal cancer sites may be of greater public health
importance than the first sites identified for an agent. Aleobol
consumption, for example, has heen strongly associated with can-
cers of the liver and upper acrodigestive tract for a long time.
Volume 96 (21) added associations with breast cancer and colo-
rectal cancer, two of the most common cancers worldwide in terms
of incidence and mortality. Thus, aleohol consumption appears

Vol 103, lssue 24 | December 21, 2011
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Table 4. Preventable exposures

associated with human cancers, as identified by the International Agency for Research on Cancer®

Cancer site

Carcinogenic agents with sufficient evidence
in humans

Agents with limited evidence in humans

Lip, oral cavity, and pharynx

Lip

Cral cavity

Salivary gland
Tonsii
Phrarynx

Nasopharynx

Aerodigestive tract, upper

Digestive organs
Escphagus

Stomach

Liver and bile duct

il bladder
Pancreas

Digestive tract,
unspeacified
Respiratory organs
Nasal cavity and

paranasal sinus

Larynx

Lung

b

Alcor beverages; | guich with

without tobacco; hurman papilioma
srnokeless: tobacco smoking

X radiation, gamma radiat:

Human papillomavirus type 16

Alco be\'eraqes; betal quid with tobacco
papiliomavirus type 16, tobacco smoking

Epstein-Barr virus; formaldet wde: salted fish,
style; wood dus

Acetaldehyda associ
baverages

hacco, betsl qu

fman

Chiness

ated with consumption of alcoholic

cetaldehyde associated with consumption of alccholic
b@ve\ra jes; alcoholc baverages; betel quid with tobacco;
betel quid without tobacco; tobacco, smokeless; tobacco
smoking; X radigtion, garmma rediation
Helicobacter pylori rubber production industry; tobacco
smoking; X radiation, gamma radiati

Alcohaolic beverages; tob
garnma radiation

HIV type 1; human papiliomavirus type 16

Aflatoxing; alccholic b/‘verdges Clonorchis sinensis,
estrogen—p ‘ogestogen contraceptives; hepatitis B virus;
hepatitis C virus, Opisthorchis viverring, plutonium;
thorium-232 and its dec oducts; tolzacco smoking

en}; vinyt chioride

ay products

Tobacco, smoke;!ess; t-:nbac-:-o smoking

Isopropyl alechol production; leather dust; nickel vowmm_mdo
radium-228 and its decay products; radium H ;
decay products; obacco s kkmg wood dust

Acid mists, strong inorganic; alccholic beverages;

ashestos (all forms); tobacco smoking

Aluminum production; arsenic and inorganic arsenic

Homd . ashestos (all forms); bervllium and berylium

i romethyl methy!
(terhmra grade); cadrvnwn and cadmium compounds;
chromiurm (Vi) compounds; coal, indoor emissions from
nousahcld combustion; coal gasification; ceal ar pitch; coke
production; hematite mining (underground); iron and steel

e} nickel compounds;
v, radon-222 a']d its decay products;
[18is be‘ producr;or dustry; sif
sulfur mustard; tobacco smoke, secondha:.
smoking, X radiation, garnma radiation

&S00t
tobacce

Bone, skin, and mesothelium, endothelium, and soft tissue

Bone

radium-226 and iis decay Drodl_.nu .‘248 and
its decay products; X radiation, gar 3 radiation
Solar radiation; ultraviolet-emi fanning devices

virus type 16, tobacco,

us type 18

s); mate drinking, hot; prin
processes; tobacce smoke, secondhand

Dry clean ate drinking, hot; pickled vegetables
(traditional Asian}; rubber production industry;
tetrachloroethylene

forms); Epstein—Barr virus, lead cornpounds,
nitrate or nitrite (ingested; undear ¢ \;rd'*;o ns
that re?uh‘ in Prdoqer(‘ua nitresation; picklad

nal Asian); salted fish, Chiness style

. Schistosoma japonicun

Hurnan papiliomavirus types 13, 33

sndrogenic (anabuhm steroids; arsenic and inorganic
arseric compounds; betel guid without tobacco; HIV
type 1; poiy hlorinated biphenyls, Schistosoma

loroethylene; X radiation, gamma

T

japonicum; tric
radiation

Alcoholic baverages,; thorium-232 and its decay
products; X radiation mma radia
Radiciodines, including fodine-131

i (V) compount
nanufactunng

s textiie 1

itomavirus type 16; mate drin
duction industry; sulfur mustard; tobacco
secondhand
Acid mists, strong inorganic;
and pressed ware (manuf
{prirmarily wood}, indoor emissions 1
cormnbustion; carbon elactrode manu;acture
alphachlorinated toluenes and benzoy! chioride
(combined exposures); cohalt metal with tungsten
carbide; crecsotes; engine exhaust, diesel; frying,
s from high-temperature; insecticides,
cal {occupational exposures in spraying
ation); oriniing orocesses;
23,7, 8-tetrachlorodibenzo-paradioxing welding fumes

Radicicdines, including lodine-131

jncl.oxfordjournals.org
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Table 4 {Continued).

Carcinogenic agents with sufficient evidence

Cancer site i humans

Agents with limied evidence in humans

Skin (other malignant
neoplasms)

Arsenic and inorganic arsenic corqp%nda c,.arhoprme
coal tar distillation; coal tar pitch; o :
methoxs plus ultraviclet A; mi 'Eara! oils, mtrx-,atod
or mildly treated; shale oils; solar radiation; s
K radiation, gamma radiation

Asbestos (all forms); arionite; painting

Endothe
{Kaposi sarcoma)
»oft tissus

HIV type 1 Kaposi sarcoma harpes virus

Breast and female genital organs
Breast Al

bestrol, estrogen-progestogen
estogen manopausal
radiation
YVuiva H\err. prp ifiornavirus type 16
Vagina Disthyistibe gxposure in uters);
papilomavirus type 16
Digthyistifoestrol (exposure in utero) astrogen-progesiogen
confraceptives, HIV type 1; hurman papilliomavirus
types 18, 18, 31, 33, 35, 39, 48, 51, B2, 55, 58, 59,
tolacco smoking
Estregen menopausal therapy, estrogen-progesicgen
menopausai therapy; famoxifen
Ovary Asbestos {all forms); estrogen menopausal therapy;
tobacco smo

ohr bweruges diethyist

human

Utarine cervix

Endoretrium

Male genital organs
Penis Hurnan papiliomavirus type 16

Prost

Urinary tract

armma radiation

Renal pebvis and uretar 5 ¢ acid, plants containing; phenacetin, phenacetin,
analgesic mixtures containing; tobacco smoking
Aluminum production; 4—cmmob|pl*9nv! arsenic and

i 'Senic ¢ ;auraming prog on,

e; chlornap! shosphamide; magenta
,‘rodudl on; Z-naphthylamine; pamtmr‘ rubber production
industry; Schiustosoma hasmatobiurm, tobacco smoking;

Urinary bladder

ortho-toluidine, X radiation, garmma radiation

Eye, brain, and central nervous system

Eye HIV type 1; ultraviolet-amitting tanning devices; welding

Brain and central X radiation, garmma radigtion

nervous system

Endocrine glands

Thyroid Radiciodines, including lodine-131; X radiation, gamma radi
Lymphoid, hematopoietic, and related tissue
Leukemiia Azathiopri anzene; busulfan; 1,3-butadiens;

and/or lymphoma n!oz—nmuu' il. cyclophospharnide; cyclosporine;
Epstein-Barr vir t-JpL,.S"V with cisplatin and
Bleomycin; fission preducts, including stroniium-80;
formaldehyde; He /,iz:obaz:*er pylori hepatitis Cvirus; HIV
type 1; hurnan T-cell iyn';p:)hotrop:)ic Virus tyﬂea 1
sarcoma herpes virus;
prednisone-nitrogen rmustard- prof’arbazmp mn/*‘ur

p% osphorus-32; yar production indusiry; <‘"mq<‘tmﬁ
{methy-CCNL; thiotepa; thorium-232 and its decay
croducts; tobacco smoking; traeosulfan, X radiation,

damina radiation

U‘

Creosotas; HIV type 1; hurnan gapillomavirus types
5 and 8 (in pattents \Mtb epidermodyspiasia
verruciforn frogen mustard; petroleum refining
{occupational exposureas); ultraviolet-emitting tanning
devices

Polychiorophenols or their sod salts {combined
exposures); radioiodines, inciuding lodine-131;
2,3.7 B-tetrachlorodibenzo-para-dioxin

srmoking
HiV type 1, human papiliomavirus types 18, 33
HV type 1

Human papillomavirus types 26, 53, 86, 67, 88, 70, 73, 82,
tetrachlorosthyiens
Diethylstilbestrol

Talc-based body powder (perineal usel; X radiation
garnma radiat

on

HN type 1, hJ mar papiliomavirus typs
Andregenic {anab steroids; arsenic and inorganic
ar‘ser\if ompounds; cadmiurm and cadmium
compouﬂds; rubbar production industry; thorium-232
and its decay products; X radiation, gamma radiation
Digthylstitbestrol {(exposure in utaro}

Arsenic and i
cadmy
Aristolochic acid

¢ compounds; cadmium and

g processes

A-Chloro-ortho-toluidine; coal tar pitch; coffes; dry
ne exhaust, die
a a! axposurel; printing processes;

Solar rachation

oethyl nitrosoursa {(BCNUY, mphenicol;
lane stoposide; hepatitis B virus, magnsatic
extrem F"|y low frequency (childhood leukemial;
mitoxantrone; nitrogen mustard; painting (childhood
laukemia from maternal exposural; petroleum
al exposures); polychiorophs
5 {combined exposures);
radiciodines, including todine-131; radon-222 and its
decay products; styrene; teniposide; tetrachiorosthylene;
tri rogthylens, 23,7 S-tstrachiorodibarzo-para
fHoxin; tobacco smoking {(childhood kamia in
s’ children)

{Table continues)
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Table 4 {Continued).

Carcinogenic agents with sufficient evidence

Cancer site in humans

Agents with limited evidence in humans

Muitiple or unspecified sites
Muitiple sit
(unspecified)

All cancer si

{zombinad)

2,37, & Tetrachlorodiberzo-para-dioxin

Cyclosporing; fission products, including strontium-30;
X radiation, gamma radiation {axposure in utero)

Chilorophenoxy herbicides; plutonium

5 a

This table does not includa factors not coverad ir

contribute substantially more to the worldwide cancer burden than
was previously thought (22), although light to moderate alechol
consurnption has been associated with some benefits related to
heart disease, stroke, and diabetes (benefits that are reversed with
occasional or regular heavy drinking) (23).

Another implication of the identification of additonal cancer
sites is that many agents cause cancer via multiple mechanistic
pathways. For example, the recent addition, in Volame 100 (1),
of lenkemia (particularly myeloid leukemia) as a formaldehyde-
associated malignancy has encouraged researchers to investigate
broader range of mechanisms than before, when formaldehyde
research was focused on cancers of the upper respiratory tract.
Similar implications follow from the new associations between
non-Hodgkin lymphoma and hepatds B and C viruses, which
infect hundreds of millions of people worldwide.

Simultaneous consideration of agents that act at the same cancer
site can suggest new research hypotheses. For example, does the
association of ovarian cancer with tale-based body powder and
ashestos suggest that a physical mechanism can induce this cancer
in some cases? Is the limited association of hepatitis B virus with
non-Hodgkin lymphoma stronger now that there is sufficient evi-
dence of a strong association with hepatitis C virus? Is there 3
mechanistic pathway to link salted fish consumption and Epstein-
Barr virus in the development of nasopharyngeal and stomach
cancer because both of these cancers have been associated with
both of these agents?

More Sensitive Indications of Carcinogenic Potential

Further research has confirmed carcinogenic potential under
conditions of lower exposure. Some old evaluations explicitly
restricted their applicability to a small set of high-exposure condi-
tions. For example, IAR(Cs 1973 asbestos classification in Volame
2 24y was based on studies of miners and millers and explicitly
ruled out risks from other exposures. Volume 100 (1), however,
cites 2 growing body of studies thar indicate increased risks of
lang cancer and mesothelioma from environmental exposures o
ashestos. Similarly, the California Environmental Protection
Agency restricted its 1988 listing of alecholic beverages as carci-
nogenic only “when associated with aleobol abuse” (25). Some
subsequent studies, however, have shown thar moderate alcohol
consumption statistically significantly increases breast cancer risk
{22). Even without an esplicit restriction, there is sometimes 2
tendency to recognize carcinogenic potental only in circum-
stances that have been well smdied. For example, IARC’s 1988
radon classification in Volume 43 (26) was based on studies of

jncl.oxfordjournals.org

the IARC Monographs, notably genetic traits, reproductive

{ some nutritionat factors,

©w
&

onderground miners, and debate ensued aboutr whether radon in
homes poses a hazard. Volume 100 (1) finds that studies of resi-
dential exposure alone provide sufficient evidence of lung cancer.
Similagly, the carcinogenicity of secondhand tohacco smoke was
confirmed several decades after the carcinogenicity of wbaceo
smoke was established in smokers, whereas today it is well accepred
[Volume 83; 27)].

These examples suggest that it might be prudent to be more
circumspect about statements that limit a cancer hazard only to the
high-exposure conditons that have been studied. Although this
practice is sometimes defended as describing where the dara exist,
it can and has delayed recognitien of carcinogenic potential in
other circumstances. It is difficult for epidemiological studies o
detect a cancer hazard when exposures occur mostly at lower
levels, such as additives or contaminants of food, water, air, or
copsumer products. Epidemiological and experimental studies of
high-exposure conditons often provide the first evidence of 2
hazard that applies to lower exposures as well.

A Growing List of New Carcinogens

New research conrinues to find additional human carcinogens.
During the decades ending in 1980, 1990, 2000, and 2010, respec-
tively, there were 23, 27, 24, and 25 agents classified as carcino-
genic to humans for the first time, and 11 more were so classified
in Volume 100 [(1); see Table 1]. Some designations of new car-
cinogens were not based on conclusions found first in the
Monographs but reflected the expansion of the JARC program to
inchide additonal types of agent already known to be carcino-
genic. For example, tobacco smoking and aleoholic beverages were
evalnated for the first tme during 1986-198%, biological agents
during 1994-1997, and ionizing radiation during 2000--2001,
many decades after these agents had been recognized as human
Carcinogens.

The diversity of carcinogenic agents that have been identified
more recently puts these “bursts” of new classtfications in perspec-
tive. New carcinogenic agents from Volumes 90-99 (21,28-36)
have included 10 additional human papillomavirus eypes, estrogen—
progestogen menopausal therapy, benzols]pyrene, indoor coal
emissions, ethanol in alcobolic beverages, 1,3-butadiene, dyes
metabolized to benzidine, 4,4-methylenebis(2-chloreaniline), and
ortho-rohuidine (see Table 1). Except for indoor coal emissions and
ethanol, which had nor been evaluated before, these agents had
heen classified as probably carcimogenic or possthly carcinogenic,
indicating that continued research on suspected carcinogens can
lead 0 2 more definitive classification.
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Estimation of the propertion of the worldwide cancer burden
represented by these agents is outside the scope of the JARC
Monographs or of this review. Although tobacco, diet, infectious
agents, and estrogenic compounds are responsible for a substantal
fraction of cancers at some sites, it is also likely that many human
carcinogens remain to be idenrified. This is suggested by the con-
tinning identification of carcinogenic agents throughout the
40-year history of the IARC Monographs, by mechanistic under-
standing that many cancers are caused by muliple factors acting
jointly, and by the large number of probable and possible carcino-
gens identified by experimental studies. A recent review identified
more than 200 chemicals that induce mammary gland mumors in
experimental animals (37). Most of these have been classified by
IARC as carcinogenic, probably carcinogenic, or possibly carcino-
genic to humans, but there were oo few women in the epidemio-
logical studies to permit conclusions about their potental to cause
breast cancer. Better linkage between experimental resulis and
human carcinogenicity should lead to the identification of human
carcinogens on the basis of experimental resules.

Some occupations classified as carcinogenic to humans have
had subsequent reviews attribute their carcinogenicity to specific
chemical or physical agents. These include chromate production
and nickel refining, whose carcinogenicity is now atwributed to
chromium (V1) and nickel compounds, respectively (see Table 1).
Other examples are boot and shoe manufacture and repair {respi-
ratory rract cancers are now attributed to leather dust; and leuke-
mia, to benzene), furnimure and cabinet making (respiratory
cancers from wood dust), and chimney sweeping (lung and skin
cancers from soot). These and other occupations should bhe
regarded as carcinogenic to humans whenever there is exposure
to the carcinogenic agents identified in those workplaces.
Attributing  carcinogenicity to specific agents helps national
agencies develop regulations to prevent exposure to these agents
wherever they are found, in the workplace or in the general
environment.

Remaining Research Needs

Some common human cancers have few {or no) identified causal
agents. There are wide disparities in the number of agents that are
causally associared with the more common human cancers (see
Table 4). In 2008, the 10 most frequent cancers worldwide (in both
sexes combined) were cancers of the breast, prostate, long, col-
orectum, cervix, stomach, lver, uterus, esophagus, and ovary (38).
For several of these cancer sites, only a few causal factors have been
identified, and none has been found for prostate cancer. A few less-
prevalent cancers do not appear in these tables, for example, those
of the small intestine, thymus, heart, and endocrine glands other
than the thyroid and salivary glands. There is a need for etiological
research to identify addidonal causal factors for common and
UNCOmMmon human cancers.

Future Directions

TAR(C’s review of human carcinogens, to be published in six pares
in 2011(1), will include full Monographs on the more than 100
agents classified by IARC as carcinogenic to humans. These
Monographs critically review the epidemiological smdies, cancer

1838 Reviews | JNCE

hioassays in animals, and information on toxicokinetics and mech-
anisms of carcinogenesis.

Subsequent workshops will synthesize this information for
related scientific publications. An analysis of tamor concordance
between humans and experimental animals will explore the predic-
tive value of animal tumors and identily human cancers for which
currently there are not good animal models. This analysis could
encourage development of predictive mechanistic models for these
cancers. A review of mechanisms involved in human carcinogen-
esis will synrhesize information on mechanistic events thar are
known to be or likely to be involved in buman carcinogenesis. It
will also suggest populations and developmental stages that may be
especially susceptible to certain mechanistic events, as well as iden-
tify biomarkers that could be mcorporated into future epidemio-
logical study designs. The oltimate objective is 1o facilitate the
identification of carcinogens based on mechanistic information in
the absence of cancer studies in animals or in humans.

Every Group I agent can be considered to represent cancers
that might have been prevented had scientists been able to predict
cancer hazards earlier or bad public health authorities been willing
to act more quickly when scientific information became avatlable.
Volame 100 (1) of the IARC Monographs will be a bridge from
epidemiclogical studics that identify carcinogens after decades of
human esposure to experimental studies that ean screen suspected
carcinogens before humans are exposed. The information in this
article, together with the more detailed Monographs that IARC
will publish in Volume 100, should stimulate researchers world-
wide to ereate links between epidemiological and experimental
results and lead to more rapid and more confident identification of
carcinogens.
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